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Abstract The strong coupling constant αs is determined
from inclusive jet and dijet cross sections in neutral-current
deep-inelastic ep scattering (DIS) measured at HERA by
the H1 collaboration using next-to-next-to-leading order
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(NNLO) QCD predictions. The dependence of the NNLO
predictions and of the resulting value of αs(mZ) at the Z -
boson mass m Z are studied as a function of the choice of
the renormalisation and factorisation scales. Using inclusive
jet and dijet data together, the strong coupling constant is
determined to be αs(mZ) = 0.1157 (20)exp (29)th. Comple-
mentary, αs(mZ) is determined together with parton distri-
bution functions of the proton (PDFs) from jet and inclu-
sive DIS data measured by the H1 experiment. The value
αs(mZ) = 0.1142 (28)tot obtained is consistent with the
determination from jet data alone. The impact of the jet data
on the PDFs is studied. The running of the strong coupling
is tested at different values of the renormalisation scale and
the results are found to be in agreement with expectations.
1 Introduction
The strong coupling constant is one of the least well known
parameters of the Standard Model of particle physics (SM)
and a precise knowledge of this coupling is crucial for preci-
sion measurements, consistency tests of the SM and searches
for physics beyond the SM. It has been determined in a large
variety of processes and using different techniques [1,2]. Jet
production in the Breit frame [3] in neutral-current deep-
inelastic ep scattering (NC DIS) is directly sensitive to the
strong coupling and has a clean experimental signature with
sizable cross sections. It is thus ideally suited for the preci-
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sion determination of the strong coupling constant αs(mZ) at
the Z -boson mass m Z .
Cross section predictions for inclusive jet and dijet pro-
duction in NC DIS are obtained within the framework of per-
turbative QCD (pQCD) [4], where for the past 25 years only
next-to-leading order (NLO) calculations have been avail-
able [5,6]. Continuous developments enabled the advance-
ment of these calculations [7–10], and next-to-next-to-
leading order (NNLO) predictions for jet production in
DIS [11,12] and hadron-hadron collisions [13,14] have
become available recently. The theoretical uncertainties of
the NNLO predictions are substantially reduced compared
to those of the NLO predictions. It is observed [11,12,15]
that the NNLO predictions and the current experimental data
are of comparable precision for large parts of the measured
phase space.
Measurements of inclusive jet and dijet cross sections in
NC DIS have been performed at HERA by the H1 [15–24]
and ZEUS [25–32] collaborations during different data tak-
ing periods and for different centre-of-mass energies. In gen-
eral, the predictions in pQCD provide a good description of
these data.
The strong coupling constant has been determined from
jet cross sections in DIS at NLO accuracy [15,17,21–
24,27,30,33–35] and the precision of αs(mZ) of these deter-
minations is typically limited by the scale uncertainty of the
NLO calculations. Only recently an αs determination was
performed using inclusive jet cross sections, where NLO cal-
culations have been supplemented with contributions beyond
NLO in the threshold resummation formalism, and a moder-
ate reduction of the scale uncertainty was achieved [36].
Measurements of jet production cross sections in pro-
cesses other than NC DIS, such as photoproduction [37,38]
or in e+e− [39–44], p p¯ [45–47] and pp collisions [48–52],
have also been employed for the determination of the strong
coupling constant. The corresponding predictions were at
NLO accuracy in most cases, possibly supplemented with 2-
loop threshold corrections or matched with next-to-leading
logarithmic approximations (NLLA). An exception are 3-jet
observables in e+e− collisions using predictions in NNLO
accuracy [42], which are also matched to NLLA contribu-
tions [43,44]. In contrast to variables such as hadronic event
shape observables [53,54] where only limited regions of
the corresponding distributions are described by fixed order
pQCD calculations, jet observables such as their transverse
momenta typically are well described by such calculations
over the full experimentally accessible range.
The presence of a proton in the initial state in lepton-
hadron or hadron-hadron collisions complicates the deter-
mination of αs(mZ) and therefore αs(mZ) is often deter-
mined together with parton distribution functions of the pro-
ton (PDFs). Such simultaneous determinations ofαs(mZ) and
PDFs were performed using jet cross sections in DIS [17,
55,56] or jet cross sections at either the LHC or Tevatron
[50,52,57–59]. However, the absence of full NNLO correc-
tions for jet production cross sections limited the theoretical
precision of these approaches.
This article presents the first determination of αs(mZ)
making use of the recent calculations of jet production at
NNLO [11–14]. These calculations are also used in this
paper for the first time for the determination of PDFs. The jet
cross section calculations are performed using the program
NNLOJET [11,12,60].
Two strategies for the extraction of αs(mZ) are investi-
gated. First, described in Sect. 3, the value of αs(mZ) is
determined in NNLO from inclusive jet and dijet cross sec-
tions [15,17,21,23,24] using pre-determined PDFs as input.
In a second approach described in Sect. 4, the value of
αs(mZ) is determined together with the PDFs. This approach
is denoted as ‘PDF+αs-fit’ in the following and uses inclusive
DIS data [61–66] in addition to normalised jet cross section
data [15,21,24], both measured by the H1 experiment [67–
70].
2 Cross section measurements
For the present analysis, measurements of jet cross sections
and inclusive DIS cross sections in lepton-proton collisions
performed by the H1 experiment at HERA are exploited.
Jet cross sections Cross sections for jet production in lepton-
proton collisions have been measured by H1 at two differ-
ent centre-of-mass energies using data from different peri-
ods of data taking. In the present analysis, inclusive jet and
dijet cross sections measured in the range of negative four-
momentum transfer squared 5 < Q2 < 15 000 GeV2 and
inelasticities 0.2 < y < 0.7 are considered. An overview
of the individual measurements [15,17,21,23,24] is given in
Table 1. Common to all data, jets are defined in the Breit
frame [3] using the kt clustering algorithm [71] with a reso-
lution parameter R = 1. The jet four-vectors are restricted to
the pseudorapidity range −1 < ηjetlab < 2.5 in the laboratory
frame. The data sets ‘300 GeV’, ‘HERA-I’ and ‘HERA-II’
correspond to different data taking periods and are subdivided
into two kinematic ranges, the low-Q2 (Q2  100 GeV2) and
high-Q2 (Q2  150 GeV2) domains, where different com-
ponents of the H1 detector were used for the measurement
of the scattered lepton.
The inclusive jet cross sections are measured double-
differentially as functions of Q2 and the jet transverse
momentum in the Breit frame, P jetT , where the phase space is
constrained by Q2, y, ηjetlab and P
jet
T , as specified in Table 1.
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Table 1 Summary of the kinematic ranges of the studied inclusive jet
and dijet data sets. The ep centre-of-mass energy √s and the integrated
luminosity L are shown. Kinematic restrictions are made on the neg-
ative four-momentum transfer squared Q2, the inelasticity y and the
jet transverse momenta P jetT as indicated. Common to all data sets is
a requirement on the pseudorapidity of the jets, −1 < ηjetlab < 2.5,
not shown in the table. Dijet events are defined by extra cuts or on the
average jet transverse momentum 〈PT〉 or the invariant mass of the two
leading jets m12. The asterisk denotes a cut not present in the original
work [23] but imposed for the present analysis
Data set [ref.] √s [GeV] L [pb−1] DIS kinematic range Inclusive jets Dijets njets ≥ 2
300 GeV [17] 300 33 150 < Q2 < 5000 GeV2 7 < P jetT < 50 GeV P
jet
T > 7 GeV
0.2 < y < 0.6 8.5 < 〈PT〉 < 35 GeV
HERA-I [23] 319 43.5 5 < Q2 < 100 GeV2 5 < P jetT < 80 GeV 5 < P
jet
T < 50 GeV
0.2 < y < 0.7 5 < 〈PT〉 < 80 GeV
m12 > 18 GeV
(〈PT〉 > 7 GeV)∗
HERA-I [21] 319 65.4 150 < Q2 < 15000 GeV2 5 < P jetT < 50 GeV −
0.2 < y < 0.7
HERA-II [15] 319 290 5.5 < Q2 < 80 GeV2 4.5 < P jetT < 50 GeV P
jet
T > 4 GeV
0.2 < y < 0.6 5 < 〈PT〉 < 50 GeV
HERA-II [15,24] 319 351 150 < Q2 < 15000 GeV2 5 < P jetT < 50 GeV 5 < P
jet
T < 50 GeV
0.2 < y < 0.7 7 < 〈PT〉 < 50 GeV
m12 > 16 GeV
Table 2 H1 jet cross section
measurements. Normalised dijet
cross sections and statistical
correlations between inclusive
and dijet measurements are
available only for the most
recent measurements [15,24]
Data set [ref.] Q2 domain Inclusive
jets
Dijets Normalised
inclusive jets
Normalised
dijets
Stat. corr.
between
samples
300 GeV [17] High-Q2   – – –
HERA-I [23] Low-Q2   – – –
HERA-I [21] High-Q2  –  – –
HERA-II [15] Low-Q2     
HERA-II [15,24] High-Q2     
For dijets at least two jets must be identified in the
η
jet
lab range above the relevant P
jet
T threshold. The double-
differential dijet cross sections are measured as functions
of Q2 and the average transverse momentum of the two
leading jets, 〈PT〉 = (P jet1T + P jet2T )/2. In order to avoid
regions of phase space where the predictions exhibit an
enhanced infrared sensitivity [72,73], the phase space defini-
tions impose asymmetric cuts on the transverse momenta of
the two leading jets [12]. Such an asymmetric cut may also
be obtained by choosing 〈PT〉 larger than the minimum P jetT .
For this reason, data points with 〈PT〉 < 7 GeV are excluded
from the HERA-I low-Q2 data set (Table 1).
Data from different periods and Q2 ranges are statistically
independent, whereas dijet and inclusive jet data of the same
data set are statistically correlated. These correlations have
been determined for the HERA-II data sets [15,24]. Differ-
ent data sets, as well as inclusive jet and dijet data of the
same data set, may furthermore share individual sources of
experimental uncertainties [15,56] and thus correlations are
present for all data points considered.
Normalised jet cross sections The more recent data sets [15,
21,24] also include measurements where the jet cross sec-
tions are normalised to the inclusive NC DIS cross section
of the respective Q2 interval, as indicated in Table 2. Cor-
relations of systematic and statistical uncertainties partially
cancel for the ratio of jet cross sections and inclusive NC
DIS cross sections. Therefore, normalised jet cross sections
are ideally suited for studies together with inclusive NC DIS
data.
Inclusive DIS cross sections In order to constrain the param-
eters of the PDFs in the PDF+αs-fit, polarised and unpo-
larised inclusive NC and CC (charged current) DIS cross
sections [61–66] measured by the H1 experiment are used in
addition. Data taken during different data taking periods and
with different centre-of-mass energies are considered and a
summary of these measurements is given in Table 3. This
data sample is identical to the one used in the H1PDF2012
PDF fit [65], where correlations of experimental uncertain-
ties have been quantified. Inclusive DIS and jet cross sections
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Table 3 Summary of the inclusive NC and CC DIS data sets. The
lepton type, the ep centre-of-mass energy
√
s and the considered Q2
range are shown. The numbers in parenthesis show the whole kinematic
range of the data prior to applying the Q2 cut specific for this analysis.
The check-marks indicate the available measurements. The last col-
umn indicates cross sections determined with longitudinally polarised
leptons
Data set [ref.] Lepton type √s [GeV] Q2 range [GeV2] NC cross
sections
CC cross
sections
Lepton beam
polarisation
Combined low-Q2 [64] e+ 301,319 (0.5) 12–150  – –
Combined low-E p [64] e+ 225,252 (1.5) 12–90  – –
94–97 [61] e+ 301 150–30 000   –
98–99 [62,63] e− 319 150–30 000   –
99–00 [63] e+ 319 150–30 000   –
HERA-II [65] e+ 319 120–30 000   
HERA-II [65] e− 319 120–50 000   
are statistically and experimentally correlated. These corre-
lations are taken into account by using normalised jet cross
sections.
3 Determination of αs(mZ) from H1 jet cross sections
The strong coupling constant αs(mZ) is determined from
inclusive jet and dijet cross sections in NC DIS measured
by the H1 collaboration and using NNLO QCD predictions.
3.1 Predictions
The cross sections for inclusive jet and dijet production for
a given phase space interval i (for instance a ‘bin’ in the rel-
evant physical observables) are calculated [4,74] as a con-
volution in the variable x of the PDFs fk and perturbatively
calculated partonic cross sections σˆi,k ,
σi =
∑
k=g,q,q
∫
dx fk(x, μF)σˆi,k(x, μR, μF) · chad,i , (1)
where the sum runs over all parton flavours k. The cal-
culations depend on the renormalisation scale μR and the
factorisation scale μF. The factors chad,i account for non-
perturbative effects (hadronisation corrections).
Both the fk and the σˆi,k are sensitive to the strong cou-
pling. The partonic cross sections are given in terms of the
perturbative expansion in orders of αs(μR)
σˆi,k =
∑
n
αns (μR)σˆ
(n)
i,k (x, μR, μF). (2)
For high PT jet production in the Breit frame the lowest
order is n = 1. The hard coefficients σˆ (n)i,k are calculated for
the expansion up to O(α3s ) taking into account properties of
the jet algorithm in the integration over the phase space. The
renormalisation scale dependence (‘running’) of the coupling
satisfies the renormalisation group equation
μ2R
dαs
dμ2R
= β(αs). (3)
The QCD beta-function β is known at 4-loop accuracy [75,
76]. The strength of the coupling thus may be determined
at an arbitrary scale, which is conventionally chosen to be
the mass of the Z -boson, mZ = 91.1876 GeV [2]. Here, the
calculations are performed in the modified minimal subtrac-
tion (MS) scheme in 3-loop accuracy and using 5 flavors,
αs(μR) = α(5)MS(μR).
The PDFs fk exhibit a dependence on αs(mZ), which orig-
inates from the factorisation theorem [74]. This dependence
can be schematically expressed as [77–79]
μ2F
d f
dμ2F
= P(αs) ⊗ f (4)
with P being the QCD splitting kernels and the symbol ‘⊗’
denoting a convolution. After fixing the x-dependence of the
PDFs fk at a scale μ0 and setting μR = μF, the PDF at any
factorisation scale μF is calculated as
f (x, μF, αs(mZ)) =  (μF, μ0, αs(mZ)) ⊗ fμ0 (x) (5)
with  being the evolution kernel which obeys Eq. (4). It
is here calculated in NNLO, i.e. in 3-loop accuracy [80,81],
with five active flavours.
The evolution starting scale is chosen to be μ0 = 20 GeV.
This is a typical scale of the jet data studied. As a conse-
quence, the influence of the evolution of Eq. (5) on the αs
determination is moderate, because μF ≈ μ0. The PDFs at
that scale are well known, in particular the quark densities.
Moreover, the latter are to a large extent insensitive to the
assumption made on the strong coupling αPDFs (mZ) during
their determination, because in leading order QCD inclusive
DIS is independent of αs ˙The gluon density is constrained
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Fig. 1 Relative change of jet
cross section as a function of a
multiplicative factor applied to
the renormalisation and
factorisation scale for four
exemplary data points of the
HERA-II phase space. The bin
definitions are displayed in the
respective panels. The left
panels show inclusive jet cross
sections, and the right panels
dijet cross sections. The full line
shows the cross section
dependence for the NNLO, the
dashed line for NLO and the
dotted line for LO calculations.
For better comparison, all
calculations are performed with
the same PDF set (NNPDF3.1
NNLO). For all panels, the cross
sections are normalised to the
respective NLO cross section
with unity scale factor. The
filled area around the NNLO
calculation indicates variations
of the factorisation scale by
factors of 0.5 and 2 around the
chosen value for μR
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due to QCD sum-rules and the precisely known quark densi-
ties. In the vicinity of a scale of 20 GeV threshold effects from
heavy quarks are not relevant. The PDFs at μ0 = 20 GeV are
provided by the NNPDF3.1 PDF set [82] which was obtained
with a nominal value of αPDFs (mZ) = 0.118. The influence
of those choices is quantified in Sect. 3.3.
The scales μR and μF are chosen to be
μ2R = μ2F = Q2 + P2T , (6)
where PT denotes P jetT in the case of inclusive jet cross
sections and 〈PT〉 for dijets. Previously, a variety of dif-
ferent scale definitions have been employed by H1 [15,
17,21,23,24,33–35,83], ZEUS [26,27,29–32,55] and else-
where [18,72,84–89]. The choice adopted here was already
suggested and discussed earlier [25,28,90,91]. Advantages
of the scale defined in Eq. (6) are in its simple functional
form and in the fact that it remains non-zero in either of
the kinematical limits Q2 → 0 GeV2 and P2T 
 Q2. This is
particularly important here, since low- and high-Q2 domains
and a large range in PT are considered.
The inclusive jet and dijet NNLO predictions as a function
of μR and μF are studied for selected phase space regions
in Fig. 1. The dependence on the scale factor is strongest for
cross sections at lower values μR, i.e. lower values of Q2 and
PT . The NNLO predictions depend less on the scale factor
than the NLO predictions. Other choices of μR and μF are
studied with the αs fit in Sect. 3.3.
The dependence of the inclusive jet and dijet NNLO pre-
dictions on αs(mZ) is displayed in Fig. 2, where the two
contributions to the αs(mZ) dependence, σˆik and fk , are sep-
arated. The predominant sensitivity to αs(mZ) arises from
σˆi,k .
The hard coefficients σˆ (n)i,k are calculated using the pro-
gram NNLOJET [11,12,60], which is interfaced to
fastNLO [92] to allow for computationally efficient, repeated
calculations with different values of αs(mZ), different scale
choices and different PDF sets. The PDFs are included in the
LHAPDF package [93]. The evolution kernels are calculated
using the program APFEL++ [94] and all results are validated
with the programs APFEL [95] and QCDNUM [96,97]. The
αs evolution is calculated using the APFEL++ code and val-
idated with the CRunDec code [98], and the running of the
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Fig. 2 Relative change of jet
cross section as a function of
αs(mZ) for four exemplary data
points of the HERA-II phase
space. The bin definitions are
displayed in the respective
panels. The left panels show
inclusive jet cross sections, and
the right pads dijet cross
sections. The full line indicates
the cross section dependence as
a function of αs(mZ), while the
dotted line illustrates the
dependence where αs(mZ) is
varied only in the partonic cross
sections and the dashed line
illustrates a variation only in the
PDF evolution starting from
μ0 = 20 GeV. The cross
sections are normalised to the
nominal cross section defined
with αs(mZ) = 0.118 )Z (msα
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electromagnetic coupling with Q2 is calculated using the
package EPRC [99,100]. The fits are performed using the
Alpos fitting framework [101].
3.2 Methodology
The value of the strong coupling constant is determined in
a fit of theory predictions to H1 jet cross sections with a
single free fit parameter. The goodness-of-fit quantity, which
is subject to the minimisation algorithm, is defined as
χ2 =
∑
i
∑
j
(log ςi − log σi ) (Vexp + Vhad
+ VPDF)−1i j (log ς j − log σ j ), (7)
where ςi are the measurements and σi the predictions
(Eq. (1)). The covariance matrices express the relative uncer-
tainties of the data (Vexp), hadronisation correction fac-
tors (Vhad) and the PDFs (VPDF). The underlying statistical
model is that the logarithm of each measurement is normal-
distributed within its relative uncertainty, or equivalently the
measurements follow log-normal distributions. The fit value
is found using the TMinuit algorithm [102,103]. Correlations
of the uncertainties among the different data sets and run-
ning periods are considered [15,56]. The hadronisation cor-
rections and their uncertainties have been provided together
with the jet cross section measurements [15,17,21,23,24].
The PDF uncertainties were provided by the authors of the
respective PDF set.
To each data point a representative scale value μ˜ is
assigned, which is calculated from the geometric mean of
the bin boundaries (denoted as ‘dn’ and ‘up’) in Q2 and PT ,
Q2avg,i =
√
Q2dn,i Q2up,i and PT,avg,i =
√
PT,dn,i PT,up,i ,
(8)
together with the definition of the scales in Eq. (6) as
μ˜2i = Q2avg,i + P2T,avg,i . (9)
Effects from heavy quark masses become important at lower
scales, while the NNLO calculations are performed with
five massless quark flavours. Unless otherwise stated the
data are selected with the condition μ˜ > 2mb, with mb =
4.5 GeV [56] being the mass of the b-quark.
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The uncertainty calculated by TMinuit contains the exper-
imental (exp), hadronisation (had) and PDF uncertainties
(PDF). The breakdown of the uncertainties into these three
components is obtained from repeated fits with Vhad and/or
VPDF set to zero. Further uncertainties are defined in Sect. 3.3
and will be denoted as PDFset, PDFαs, and scale uncertain-
ties. The theory uncertainty (‘th’) is defined as the quadratic
sum of the PDF, PDFset, PDFαs, hadronisation and scale
uncertainties, and the ‘total’ uncertainty considers addition-
ally the experimental uncertainty.
The value of αs(mZ) is determined separately for each
individual data set, for all inclusive jet measurements, for all
dijet measurements, and for all H1 jet data taken together.
The latter is denoted as ‘H1 jets’ in the following. In the case
of fits to ‘H1 jets’, dijet data from the HERA-I running period
however are excluded, since their statistical correlations to
the respective inclusive jet data are not known (Table 2).
3.3 Sensitivity of the fit to input parameters
Sensitivity to αs(mZ) The sensitivity of the data to αs(mZ)
and the consistency of the calculations are investigated by
performing fits with two free parameters representing the
two distinct appearances of αs(mZ) in Eq. (1), i.e. in the
PDF evolution, αs (mZ), and in the partonic cross sections,
ασˆs (m Z ). The cross sections with the αs contributions iden-
tified separately are schematically expressed by
σi = f
(
αs (mZ)
) ⊗ σˆi
(
ασˆs (m Z )
)
· chad,i , (10)
where αs(mZ) as of Eq. (5) is denoted as αs (mZ), and αs(mZ)
as of Eq. (2) is denoted as ασˆs (m Z ). The result of such a fit
performed for H1 jets is displayed in Fig. 3. Consistency is
found for the two fitted values of αs(mZ), where the resulting
αs (mZ) tends to be larger than ασˆs (m Z ). It is observed that
the predominant sensitivity to αs(mZ) arises from the σˆi,k , as
was already suggested by the jet cross section study (Fig. 2).
The ellipses obtained using PDFs determined with values
αPDFs (mZ) of 0.116, 0.118 and 0.120 are consistent with each
other. In the following, all fits are performed using a single
fit parameter αs(mZ).
Dependence on the choice of PDF Values of αs(mZ) are
determined for other PDF sets and for alternative values
αPDFs (mZ).
The results obtained using different PDFs are displayed
in Fig. 4 for fits to inclusive jet and dijet cross sections, and
in Fig. 5 for H1 jets. In Fig. 5 (right) only H1 jets with
μ˜ > 28 GeV are used. The predictions using NNPDF3.1,
determined with αPDFs (mZ) = 0.118, provide good descrip-
tion of the data with χ2/ndof close to unity (Fig. 4), where
) from fit
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sΓ
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% C.L.68NNLOJET and H1
H1 jets
Fig. 3 Results from fits to H1 jets with two free fit parameters for
αs(mZ), where the appearances of αs(mZ) in the PDF evolution αs (mZ)
and in the partonic cross sections ασs (mZ) are identified separately. The
ellipses display a confidence level of 68 % including the experimental,
hadronisation and PDF uncertainties, and thus the lines are calculated
for 
χ2 = 2.3. The dotted, full and dashed lines indicate the con-
tour for 
χ2 = 2.3 using three versions of the NNPDF3.1 set which
were obtained using values for αPDFs (mZ) of 0.116, 0.118 and 0.120,
respectively
ndof denotes the number of data points minus one. The fitted
αs(mZ) values are only weakly correlated to the αPDFs (mZ)
values employed for the PDF extraction (Figs. 4 and 5). Dif-
ferent PDF sets yield consistent results. The correlation of
αPDFs (mZ) and the fitted αs(mZ) vanishes when using only
data with μ˜ > 28 GeV.
Three PDF related uncertainties are assigned to the fitted
αs(mZ) results. The ‘PDF’ uncertainty originates from the
data used for the PDF extraction [82]. A ‘PDFset’ uncer-
tainty is defined as half of the maximum difference of the
results from fits using the ABMP [104], CT14 [105], HERA-
PDF2.0 [56], MMHT [58] or NNPDF3.1 PDF set [82]. The
‘PDFαs’ uncertainty is defined as the difference of results
from repeated fits using PDFs of the NNPDF3.1 series deter-
mined with αPDFs (mZ) values differing by 0.002 [106]. This
uncertainty can be considered to be uncorrelated to the PDF
uncertainty [106,107]. The size of the variation includes the
NNPDF3.1 PDF set determined with αPDFs (mZ) = 0.116,
where αPDFs (mZ) is close to the fitted αs(mZ), in particular
when restricting H1 jets to μ˜ > 28 GeV (Fig. 5). The varia-
tion of μ0 in the range 10 to 90 GeV is also studied but has
negligible effect on the results.
Scale variants and comparison of NLO and NNLO predic-
tions Studies of different choices for μR and μF are com-
monly used to estimate contributions of higher orders beyond
NNLO.
The dependence of the results on μR and μF is studied
by applying scale factors to the definition of μR and μF.
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Fig. 4 Dependencies of the
fitted values of αs(mZ) on the
input PDFs for separate fits of
inclusive jet and dijet data.
Shown are fits using the ABMP,
CT14, HERAPDF2.0, MMHT
and NNPDF3.1 PDF sets. For
each case, the PDFs are
available for different input
values αPDFs (mZ) used for the
PDF determination, and these
values are displayed on the
horizontal axis. The PDFs are
available only for discrete
values of αPDFs (mZ) and the
results are connected by smooth
lines. The lower panel displays
the resulting values of χ2/ndof
of the fits ) of PDF
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Fig. 5 Dependencies of the
fitted values of αs(mZ) on the
input PDFs for the H1 jets fit
(left) and the H1 jets fit with
μ˜ > 28 GeV (right). Further
details are given in the caption
of Fig. 4
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The values of αs(mZ) and χ2/ndof resulting from the fits
to inclusive jet and to dijet cross sections are displayed in
Fig. 6 indicating that the standard choice for the scales (unity
scale factor) yields reasonable values of χ2/ndof . Figure 7
displays the resulting αs(mZ) for fits to H1 jets. In general,
variations of μR have a larger impact on the result than those
of μF. When restricting the data to μ˜ > 28 GeV, the scale
dependence is greatly reduced.
Scale uncertainties are estimated through repeated fits
with scale factors applied simultaneously to μR and μF.
Instead of varying the scales up and down by conventional
factors, in this analysis a linear error propagation to the scale
factors of 0.5 and 2 is performed using the derivative deter-
mined at the nominal scale. This is justified by the almost lin-
ear dependence on the logarithm of the scale factor (Figs. 6
and 7) and thus symmetric scale uncertainties are presented.
Alternative choices for μR and μF are investigated and
the results for αs(mZ) with values of χ2/ndof are displayed in
Fig. 8 for fits to inclusive jet and dijet data. The nominal scale
definition μ2R = μ2F = Q2 + P2T results in good agreement of
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Fig. 6 Dependencies of the
fitted values of αs(mZ) as a
function of the scale factors
applied to the renormalisation
and factorisation scales (μR and
μF) for separate fits of inclusive
jet and dijet data. The upper
panels show the fitted value of
αs(mZ), and the lower panels
show the values of χ2/ndof . The
left (right) panels show the
values for the fit to inclusive jet
(dijet) cross sections. The solid
lines show the effects from
varying μR and μF together.
The dashed (dotted) lines show
the effects from varying μR
(μF) alone
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theory and data in terms of χ2/ndof . The results obtained with
alternative scale choices typically vary within the assigned
scale uncertainty. This is also observed for fits to H1 jets,
presented in Fig. 9. A representative scale of the jet data
analysed here is 20 GeV. Using μR = μF = μ0 = 20 GeV,
simplifies the theory calculations such that Eqs. (3)–(5) are
not used and no running of the coupling or evolution of the
PDFs is needed. For this scale choice the resulting value of
αs(mZ) (which after the fit is evolved from 20 GeV to mZ for
comparisons) is also found to be consistent with the values
obtained using the nominal scale.
The fits are repeated with the partonic cross sections σˆi,k
calculated only up to NLO where for better comparisons
identical scale definitions and identical PDFs determined in
NNLO fits are used. For inclusive jets, the values of χ2/ndof
of the NLO fits are of comparable size for some of the
studied scale choices, but are significantly worse for cer-
tain choices such as μ2R = μ2F = Q2. For dijets, the values
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Fig. 8 Values of αs(mZ)
obtained for various different
definitions of the
renormalisation and
factorisation scales (μR and μF)
in separate fits of inclusive jet
and dijet data. The lower panels
show χ2/ndof of the fits. The
open circles display results
obtained using NLO matrix
elements. The vertical bars
indicate the scale uncertainties
displayed together with the
nominal scale choice
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of χ2/ndof are always higher for NLO than for NNLO cal-
culations. The NLO calculations exhibit an enhanced sen-
sitivity to the choice of the scale and to scale variations,
as compared to NNLO, resulting in scale uncertainties of
αs(mZ) of 0.0077, 0.0081 and 0.0083 for inclusive jets,
dijet and H1 jets, respectively, as compared to uncertainties
of 0.0040, 0.0040 and 0.0042 in NNLO, respectively. The
previously observed reduction of scale uncertainties of the
cross section predictions at NNLO [11,12,15] is reflected
in a corresponding reduction of the αs(mZ) scale uncertain-
ties.
123
791 Page 12 of 21 Eur. Phys. J. C (2017) 77 :791
 [GeV]
cut
μ∼
6 7 8 10 20 30 40
) [
%
]
Z
(m
s
αδ
−6
−4
−2
0
2
4
6
8 Exp. uncertainty uncertaintysαPDF
All PDF uncertainties
Scale uncertainty
Theory uncertainty
NNLOJET and H1
H1 jets
Fig. 10 Uncertainties of the αs fit as a function of the parameter μ˜cut
which restricts the jet data to high scales. The experimental, scale,
PDFαs, quadratic sum of all PDF related uncertainties, and the theory
uncertainty are shown
Restricting the scale μ˜ In order to study the size of the uncer-
tainties as a function of μ˜, the fits to inclusive jet and to dijet
cross sections are repeated using data points exceeding a
given value μ˜cut. The resulting uncertainties are displayed in
Fig. 10. The experimental uncertainties are smaller for lower
μ˜. This is because more data are considered in the fit, but
also since the data at lower values of μ˜ have an enhanced
sensitivity to αs(mZ) due to the running of the strong cou-
pling. In contrast, the scale uncertainties of the NNLO cross
section predictions are largest for low values of μ˜, and thus
decrease with increasing μ˜. Considering only data with val-
ues of μ˜ above approximately 30 GeV the experimental and
scale uncertainty become similar in size.
The result obtained with μ˜ > 28 GeV is considered as the
main result of this article.
At values of μ˜cut around 20 GeV the PDFαs uncertainty
effectively vanishes. In other words, the fit result is insensi-
tive to the αPDFs (mZ) assumptions made for the PDF deter-
mination. A possible explanation is the gradual change of the
fraction of gluon and quark induced processes with μ˜: data
at lower values of μ˜ have contributions from low-x where
the gluon PDF is dominating, whereas data at higher values
of μ˜ have a successively higher fraction of quark induced
processes. The quark PDFs are less dependent on αPDFs (mZ)
than the gluon PDF, and are well determined by inclusive
DIS data.
3.4 Results
The value of the strong coupling constant αs(mZ) The values
of αs(mZ) obtained from the fits to the data are collected in
Table 4 and displayed in Fig. 11. Good agreement between
theory and data is found.
For the fits to the individual data sets the χ2/ndof is around
unity in most cases. The αs(mZ) values are all found to be
consistent, in particular between inclusive jet and dijet mea-
surements.
The fits to the inclusive jet data exhibit χ2/ndof values
around unity, thus indicating the consistency of the individual
data sets. The value of αs(mZ) from ‘H1 inclusive jets’ has a
significantly reduced experimental uncertainty compared to
the results for the individual data sets. The cut μ˜ > 28 GeV
results for inclusive jets in αs(mZ) = 0.1152 (20)exp (27)th,
which is consistent with the world average [2,108].
Value of χ2/ndof around unity are obtained for fits to all
dijet cross sections confirming their consistency. The results
agree with those from inclusive jet cross sections and the
world average. At high scales μ˜ > 28 GeV, a valueαs(mZ) =
0.1147 (24)exp (25)th is found.
The fit to H1 jets yields χ2/ndof = 0.98 for 200 data
points and αs(mZ) = 0.1143 (9)exp (43)th. The scale uncer-
tainty is the largest among the theoretical uncertainties and
all other uncertainties are negligible in comparison.
The αs(mZ) value obtained from H1 jet data restricted to
μ˜ > 28 GeV is
αs(mZ) = 0.1157 (20)exp (6)had (3)PDF (2)PDFαs
(3)PDFset (27)scale
with χ2 = 63.2 for 91 data points. Although the reduced
number of data points leads to an increased experimental
uncertainty, as compared to the option μ˜ > 2mb, it is still
smaller than the scale uncertainty, which is found to be
reduced significantly. All PDF related uncertainties essen-
tially vanish.1 Therefore, this αs(mZ) determination is taken
as the main result. This result as well as those results obtained
from the inclusive jet and dijet data separately are consistent
with the world average.
The main result is also found to be consistent with
αs(mZ) = 0.1165(8)exp(38)pdf,theo determined previously in
NLO accuracy from normalised H1 HERA-II high-Q2 jet
cross section data [24]. That result is experimentally more
precise, mainly because data at somewhat lower scales and
three-jet data are included.2 The scale uncertainty of the pre-
vious NLO fit is larger than for the present analysis in NNLO,
despite of the fact that it was considered to be partially
uncorrelated bin-to-bin in the previous NLO fit, whereas the
present approach is more conservative.
In the present analysis, the value with the smallest total
uncertainty is obtained in a fit to H1 jets restricted to μ˜ >
42 GeV with the result αs(mZ) = 0.1168 (22)exp (20)theo
1 The difference of the main fit result to αPDFs (mZ) = 0.118 is covered
by the systematic variation αPDFs (mZ) = 0.118 ± 0.002.
2 No NNLO calculation is available for three-jet production in DIS to
date.
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Table 4 Summary of values of αs(mZ) from fits to H1 jet cross sec-
tion measurements using NNLO predictions. The uncertainties denote
the experimental (exp), hadronisation (had), PDF, PDFαs, PDFset and
scale uncertainties as described in the text. The rightmost three columns
denote the quadratic sum of the theoretical uncertainties (th), the total
(tot) uncertainties and the value of χ2/ndof of the corresponding fit.
Along the vertical direction, the table data are segmented into five parts.
The uppermost part summarises fits to individual inclusive jet datasets.
The second part corresponds to fits of the individual dijet datasets. The
third part summarises fits to all inclusive jets or all dijets together, with
different choices of the lower cut on the scale μ˜cut . The fourth group of
fits, labelled H1 jets, is made using all available dijet and inclusive jet
data together, for three different choices of μ˜cut . The bottom row corre-
sponds to a combined fit of inclusive data and normalised jet data. For
that fit, theoretical uncertainties related to the PDF determination inter-
fere with the experimental uncertainties and thus no overall theoretical
uncertainty is quoted
αs(mZ) values from H1 jet cross sections
Data μ˜cut αs(mZ) with uncertainties th tot χ2/ndof
Inclusive jets
300 GeV high-Q2 2mb 0.1221 (31)exp (22)had (5)PDF (3)PDFαs (4)PDFset (36)scale (43)th (53)tot 6.5/15
HERA-I low-Q2 2mb 0.1093 (17)exp (8)had (5)PDF (5)PDFαs (7)PDFset (33)scale (35)th (39)tot 17.5/22
HERA-I high-Q2 2mb 0.1136 (24)exp (9)had (6)PDF (4)PDFαs (4)PDFset (31)scale (33)th (41)tot 14.7/23
HERA-II low-Q2 2mb 0.1187 (18)exp (8)had (4)PDF (4)PDFαs (3)PDFset (45)scale (46)th (50)tot 29.6/40
HERA-II high-Q2 2mb 0.1121 (18)exp (9)had (5)PDF (4)PDFαs (2)PDFset (35)scale (37)th (41)tot 42.5/29
Dijets
300 GeV high-Q2 2mb 0.1213 (39)exp (17)had (5)PDF (2)PDFαs (3)PDFset (31)scale (35)th (52)tot 13.6/15
HERA-I low-Q2 2mb 0.1101 (23)exp (8)had (5)PDF (4)PDFαs (5)PDFset (36)scale (38)th (45)tot 10.4/20
HERA-II low-Q2 2mb 0.1173 (14)exp (9)had (5)PDF (5)PDFαs (3)PDFset (44)scale (45)th (47)tot 17.4/41
HERA-II high-Q2 2mb 0.1089 (21)exp (7)had (5)PDF (3)PDFαs (3)PDFset (25)scale (27)th (34)tot 28.0/23
Combined αs fits
H1 inclusive jets 2mb 0.1132 (10)exp (5)had (4)PDF (4)PDFαs (2)PDFset (40)scale (40)th (42)tot 134.0/133
H1 inclusive jets 28 GeV 0.1152 (20)exp (6)had (2)PDF (2)PDFαs (3)PDFset (26)scale (27)th (33)tot 44.1/60
H1 dijets 2mb 0.1148 (11)exp (6)had (5)PDF (4)PDFαs (4)PDFset (40)scale (41)th (42)tot 93.9/102
H1 dijets 28 GeV 0.1147 (24)exp (5)had (3)PDF (2)PDFαs (3)PDFset (24)scale (25)th (35)tot 30.8/43
H1 jets 2mb 0.1143 (9)exp (6)had (5)PDF (5)PDFαs (4)PDFset (42)scale (43)th (44)tot 195.0/199
H1 jets 28 GeV 0.1157 (20)exp (6)had (3)PDF (2)PDFαs (3)PDFset (27)scale (28)th (34)tot 63.2/90
H1 jets 42 GeV 0.1168 (22)exp (7)had (2)PDF (2)PDFαs (5)PDFset (17)scale (20)th (30)tot 37.6/40
PDF+αs fits
H1PDF2017 [NNLO] 2mb 0.1142 (11)exp,NP,PDF (2)mod (2)par (26)scale (28)tot 1539.7/1516
and a value of χ2/ndof = 37.6/40. This result, however,
is obtained from a very limited number of measurements,
the precision of which is limited by statistical uncertainties.
The ratio of all H1 jet cross section measurements to
the NNLO predictions is displayed in Fig. 12. Overall good
agreement between data and predictions is observed.
Running of the strong coupling constant The strong coupling
is determined in fits to data points grouped into intervals
[μ˜lo; μ˜up] of μ˜. The data point grouping and the interval
boundaries can be read off Fig. 12. The assumptions on the
running of αs(μR) thus are for each fit restricted to a limited
μR range.3 For a given data point its μ˜ value is representative
for the μR range probed by the corresponding prediction, see
Eqs. (8) and (9). The fit results are for each interval shown
at the representative scale μR =
√
μ˜loμ˜up.
3 For purely technical reasons the fit parameter is αs(mZ), and thus the
running is applied from μR, as used in the calculation, to mZ and then
‘back’ to a representative value μR.
The results for fits to inclusive jet and to dijet cross sec-
tions, as well as to H1 jets, are presented for the ten selected
intervals in μ˜ in Table 5 and are displayed in Fig. 13. Consis-
tency is found for the fits to inclusive jets, dijets, and H1 jets,
and the running of the strong coupling is confirmed in the
accessible range of approximately 7 to 90 GeV. The lowest
interval considered contains the data points with μ˜ < 2mb,
which are excluded from the main analysis. Nevertheless,
these results are found to be consistent with the other αs(mZ)
determinations presented here.
The values obtained from fits to H1 jets are compared to
other determinations of at least NNLO accuracy [41,44,54,
109] and to results at NLO at very high scale [52] in Fig. 14,
and consistency with the other experiments is found.
The results are consistent with results obtained from an
alternative method used as a cross check, where in a single
fit with ten free parameters the αs values in the ten bins are
determined simultaneously.
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Fig. 11 Summary ofαs(mZ)values obtained from fits to individual and
multiple H1 jet data sets. The inner error bars indicate the experimental
uncertainty and the outer error bars the total uncertainty
4 Simultaneous αs and PDF determination
In addition to the fits described above also a fit in NNLO
accuracy of αs(mZ) together with the non-perturbative PDFs
is performed which takes jet data and inclusive DIS data as
input. This fit is denoted as ‘PDF+αs-fit’ in the following.
4.1 Methodology
The methodology of the PDF+αs-fit is closely related to PDF
determinations as performed by other groups [56,58,82,104,
105]. The PDFs are parametrised at a low starting scale μ0
which is below the charm-quark mass. Heavy-quark PDFs
are generated dynamically and only light-quark PDFs and
the gluon distribution have to be determined in the fit.
In order to have constraints on the PDFs, polarised and
unpolarised inclusive NC and CC DIS cross sections [61–
66] are used (Table 3). This data sample is identical to the
one used in the H1PDF2012 PDF fit [65]. In addition, nor-
malised inclusive jet and dijet cross sections [15,21,24] are
used (Table 2).
The calculations of the splitting kernels are performed in
NNLO using the program QCDNUM [96,97]. The predic-
tions for the inclusive DIS cross sections are calculated using
structure function calculations in NNLO using the zero-mass
variable flavour number scheme (ZM-VFNS) [65] as imple-
mented in QCDNUM [96,97]. Normalised jet cross sections
are calculated as a ratio of jet cross sections to inclusive NC
DIS, where the former are calculated as outlined in Sect. 3.1
and the latter are calculated using ZM-VFNS structure func-
tions using QCDNUM. For inclusive DIS predictions the
scales μ2R and μ2F are both set to Q2 and for jet predictions
to Q2 + P2T , as specified in Eq. (6).
For the PDF+αs-fit all data are restricted to the range Q2 >
10 GeV2 in order to exclude kinematic regions where fixed-
order pQCD cannot be applied reliably. For jet cross sections
μ˜ > 2mb is required in addition. After applying these cuts,
the jet predictions receive contributions from the x-range
down to 0.003, whereas without these cuts it would be 0.002.
Major contributions to the data points at highest values of μ˜
are within the x-range 0.1 to 0.5.
The choice of the PDF parametrisations and the values of
input parameters follows closely previous approaches [56,
63,65,110] and are only discussed briefly here. At a starting
scale μ20 = 1.9 GeV2 parton densities are attributed to the
constituents of the proton. These take the functional form
x f (x)|μ0 = f Ax fB (1 − x) fC (1 + fDx + fE x2), (11)
where f is one of g, u˜, d˜ , U¯ , D¯, denoting the density of the
gluon, up-valence, down-valence, up-sea, down-sea in the
proton, respectively. The strange sea is set to s¯(x) = fs D¯,
where fs = 0.4. Parameters fD and fE are set to zero by
default, but are added for specific flavours in order to improve
the fit. The parameters gA, u˜ A and d˜A are constrained by
sum rules. The parameter U¯A is set equal to D¯A(1− fs). The
parameter U¯B is set equal to D¯B . A total of 12 fit parameters
are used to describe the PDFs.
The uncertainty obtained from the fit comprises exper-
imental uncertainties of the data and hadronisation uncer-
tainties of the jet cross section predictions. The resulting
uncertainty of αs(mZ) from the PDF+αs-fit is denoted as
‘exp,had,PDF’. In order to determine also model (‘mod’)
and parametrisation (‘par’) uncertainties, an additional error
estimation similar to HERAPDF2.0 [56] is performed. The
model uncertainty is estimated as the quadratic sum of the
differences of the nominal result to the resulting values of
αs when repeating the PDF+αs-fit with alternative parame-
ters, such as the charm or beauty masses or the sea quark
suppression factor fs [56]. Parametrisation uncertainties are
attributed by adding extra fD or fE parameters to the fit
or by varying the starting scale. In addition, a more flexible
functional form is allowed for the gluon, similar to the PDF
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Fig. 12 Ratio of inclusive jet (upper panel) and dijet cross sections
(lower panel) to NNLO predictions obtained with the fitted value
αs(mZ) = 0.1157. Data points are ordered according to their scale
μ˜ and are displayed on the horizontal axis within the respective μ˜-
interval. Within a single interval multiple data points are displayed with
equal horizontal spacing and are thus not to scale. The displayed inter-
vals reflect the choices made for the studies of the running of the strong
coupling (compare Figs. 13 and 14). The shaded area indicates the
uncertainty on the NNLO calculations from scale variations. The open
circles show data points which are not considered for some fits, because
their scale μ˜ is below 2mb. The squares show data points not considered
for the ‘H1 jets’-fit, since the statistical correlations to the respective
inclusive jet measurements are not known
parametrisation used for the default HERAPDF2.0 [56] fit.4
A total of eight parametric forms different from the default
are considered.
The scale uncertainty of αs(mZ) from this fit is deter-
mined by repeating fits with scale factors 0.5 and 2 applied
to μR and μF simultaneously to all calculations involved.
The larger of the two deviations from the central fit, corre-
sponding to a scale factor of 0.5, is taken as symmetric scale
4 The functional form referred to as “alternative gluon” in [56] actually
corresponds to the default choice for this paper.
uncertainty. A more detailed study is beyond the scope of
this paper.
The PDF+αs-fit differs from the αs-fit outlined in Sect. 3
in the following aspects: the usage of normalised jet cross
sections, the inclusion of NC and CC DIS cross sec-
tions and the low starting scale μ0 of the DGLAP evo-
lution, thus assuming the validity of the running cou-
pling and the PDF evolution down to lower scale val-
ues.
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Table 5 Values of the strong coupling constant αs(μR) and at the Z -
boson mass, αs(mZ), obtained from fits to groups of data points with
comparable values of μR. The first (second) uncertainty of each point
corresponds to the experimental (theory) uncertainty. The theory uncer-
tainties include PDF related uncertainties and the dominating scale
uncertainty
Running of the strong coupling
μR [GeV] Inclusive jets Dijets H1 jets
αs(mZ) αs(μR) αs(mZ) αs(μR) αs(mZ) αs(μR)
7.4 0.1148 (13) (42) 0.1830 (34) (114) 0.1182 (28) (41) 0.1923 (77) (116) 0.1147 (13) (43) 0.1829 (34) (114)
10.1 0.1136 (17) (36) 0.1678 (39) (81) 0.1169 (14) (42) 0.1751 (34) (99) 0.1148 (14) (40) 0.1705 (31) (91)
13.3 0.1147 (15) (43) 0.1605 (30) (88) 0.1131 (18) (38) 0.1573 (36) (76) 0.1144 (15) (42) 0.1600 (30) (86)
17.2 0.1130 (15) (33) 0.1492 (26) (59) 0.1104 (19) (30) 0.1445 (33) (53) 0.1127 (15) (33) 0.1486 (27) (59)
20.1 0.1136 (17) (33) 0.1457 (29) (56) 0.1116 (22) (31) 0.1425 (36) (52) 0.1134 (17) (33) 0.1454 (29) (55)
24.5 0.1173 (17) (30) 0.1463 (26) (48) 0.1147 (23) (24) 0.1423 (36) (38) 0.1171 (17) (29) 0.1460 (27) (46)
29.3 0.1084 (36) (29) 0.1287 (51) (41) 0.1163 (34) (34) 0.1401 (50) (50) 0.1134 (30) (32) 0.1358 (44) (46)
36.0 0.1153 (32) (37) 0.1338 (43) (50) 0.1135 (37) (29) 0.1314 (50) (39) 0.1146 (30) (33) 0.1328 (41) (44)
49.0 0.1170 (22) (20) 0.1290 (27) (25) 0.1127 (31) (15) 0.1238 (37) (18) 0.1169 (23) (19) 0.1290 (28) (24)
77.5 0.1111 (55) (19) 0.1137 (58) (20) 0.1074 (84) (19) 0.1099 (88) (20) 0.1113 (55) (19) 0.1139 (58) (20)
4.2 Results
Fit results and the value of αs(mZ) The results of the
PDF+αs-fit are presented in Table 6. The fit yields χ2/ndof =
1539.7/(1529−13), confirming good agreement between the
predictions and the data. The resulting PDF is able to describe
141 jet data points and the inclusive DIS data simultaneously.
The value of αs(mZ) is determined to
αs(mZ) = 0.1142 (11)exp,had,PDF (2)mod (2)par (26)scale.
and is determined to an overall precision of 2.5 %. It is worth
noting that the result is largely insensitive to the PDF model
and parametrisation choices. The scale uncertainty is domi-
nating. The αs(mZ) value is consistent with the main result
of the ‘H1 jets’ fit. The result is compared to values from the
PDF fitting groups ABM [111], ABMP [104], BBG [112],
HERAPDF [56], JR [113], NNPDF [57] and MMHT [58]
in Fig. 15 and consistency is found. The value is consis-
tent with the world average and the ‘pre-average’ value
of the structure function category [2]. The result exhibits
a competitive experimental uncertainty to other determina-
tions [57,58,104], which is achieved by using H1 normalised
jet cross sections in addition to the H1 inclusive DIS data.
PDF parametrisation results The PDF and αs(mZ) param-
eters determined together in this fit (Table 6) are denoted as
H1PDF2017 [NNLO]. It is released [114] in the LHAPDF [93]
format with experimental, hadronisation and αs(mZ) uncer-
tainties included. The gluon and singlet momentum distribu-
tions, xg and x, the latter defined as the sum of all quark and
anti-quark densities, are compared to NNPDF3.1 at a scale
μF = 20 GeV in Fig. 16. The uncertainties of the fitted PDFs
are somewhat larger than the uncertainties of NNPDF3.1. For
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Fig. 13 Results on αs(mZ) and αs(μR) for fits to data points arranged
in groups of similar μR. The circles show results from inclusive jet and
dijet data taken together (‘H1 jets’), the open diamonds results from
inclusive jet cross sections alone and the open boxes results from dijet
cross sections alone. For these fits, the data sets are not constrained by
the requirement μ˜ > 2mb. The fitted values of αs(mZ) (lower panel)
are translated to αs(μR) (upper panel), using the solution of the QCD
renormalisation group equation. The data points from fits to inclusive
jets (dijets) are displaced to the left (right) for better visibility. In the
upper panel a displacement is also applied along the vertical direction,
to account for the running of αs(μR). The inner error bars denote the
experimental uncertainties alone, and the outer error bars indicate the
total uncertainties
NNPDF3.1, αPDFs (mZ) is fixed while it is a free parameter in
the H1PDF2017 [NNLO] fit. Within uncertainties, the singlet
distribution obtained for H1PDF2017 [NNLO] is in fair agree-
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Fig. 14 Results for αs(mZ) and αs(μR) for fits to data points arranged
in groups of similar μR, compared to results from other experiments
and processes. Further details can be found in the caption of Fig. 13
ment with NNPDF3.1 over a large range in x , whereas the
gluon density is consistent with NNPDF3.1 only for x > 0.01
and is significantly higher than NNPDF3.1 at lower x . This
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Fig. 15 Comparison of the value of αs(mZ) obtained in the
H1PDF2017 [NNLO] PDF+αs-fit and in the H1 jets fit in NNLO accuracy
to other αs determinations from DIS data. The pre-average of structure
function data and the world average [2] are also indicated
Table 6 Results of the PDF+αs fit. The columns denote the resulting fit value, its uncertainty and the correlations to the other parameters
Results for the PDF+αs-fit
Parameter Fit result Correlation coefficients
αs(mZ) gB gC gD u˜ B u˜C u˜E d˜B d˜C U¯C D¯A D¯B D¯C
αs(mZ) 0.1142 ± 0.0011 1
gB −0.023 ± 0.035 0.25 1
gC 5.69 ± 4.09 −0.08 0.01 1
gD −0.44 ± 4.20 −0.03 −0.10 0.99 1
u˜ B 0.707 ± 0.036 0.39 0.25 0.05 0.04 1
u˜C 4.909 ± 0.096 −0.09 −0.13 0.02 0.03 −0.08 1
u˜E 12.7 ± 1.8 −0.03 −0.25 −0.04 −0.01 −0.75 0.57 1
d˜B 1.036 ± 0.098 0.24 −0.02 0.06 0.08 0.32 −0.24 −0.24 1
d˜C 5.35 ± 0.49 −0.10 −0.07 0.03 0.05 −0.08 −0.24 0.00 0.80 1
U¯C 4.96 ± 0.86 0.32 −0.28 −0.01 0.05 0.76 0.09 −0.39 0.53 0.11 1
D¯A 0.299 ± 0.032 0.29 −0.71 −0.04 0.07 0.32 0.01 −0.08 0.38 0.13 0.71 1
D¯B −0.091 ± 0.017 0.22 −0.79 −0.05 0.06 0.19 0.03 0.01 0.29 0.09 0.61 0.97 1
D¯C 16.1 ± 3.8 −0.13 −0.51 −0.01 0.08 −0.15 −0.24 −0.06 0.14 0.24 0.05 0.48 0.46 1
gA 2.84 Constrained by sum-rules
u˜ A 4.11 Constrained by sum-rules
d˜A 6.94 Constrained by sum-rules
U¯A 1.80 Set equal to D¯A(1 − fs)
U¯B −0.091 Set equal to D¯B
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Fig. 16 Gluon and singlet distributions determined by the PDF+αs-fit,
denoted as H1PDF2017 [NNLO], as a function of the convolution vari-
able x (see Eq. (1)). The distributions are displayed at μF = 20 GeV.
The PDFs are compared to the NNPDF3.1 PDFs determined with val-
ues of αPDFs (mZ) of 0.114 and 0.118. Ratios to NNPDF3.1 are shown
in the right panels
difference can not be explained by the assumptions made on
the strong coupling in NNPDF3.1, as can be seen from the
NNPDF3.1 distributions obtained for αPDFs (mZ) = 0.114.
However, there are differences in the datasets used for the
fits. For H1PDF2017 [NNLO] only H1 data are considered,
restricted to the range Q2 > 10 GeV2. For NNPDF3.1
the combined HERA DIS data [56] are used, starting from
Q2 > 3.5 GeV2. Data from other processes and experiments
are also included, but no DIS jet data.
The PDFs obtained for each of the model and parametri-
sation variations (not shown in Fig. 16) are contained in the
exp,had,PDF uncertainty band for x > 0.0004 and thus do
not explain the differences to NNDPF3.1.
The impact of H1 jet data on PDF fits The PDF+αs-fit is
repeated with the normalised jet data excluded, i.e. only
inclusive DIS data are considered. For this fit and the
H1PDF2017 [NNLO] fit the gluon distribution xg(x, μF) is
evaluated at μF = 20 GeV and x = 0.01 and its Hes-
sian uncertainty together with its correlation coefficient with
αs(mZ) are calculated. The resulting Hessian error ellipses
are displayed in Fig. 17 at a confidence level of 68 %. Com-
pared to the fit without jet data, the inclusion of jet data
significantly reduces the uncertainties of αs(mZ) and xg, as
well as their correlation. The correlation coefficient is −0.92
and reduces to −0.65 if jet data are included. Also shown is
the gluon distribution of NNPDF3.1 determined for differ-
ent values of αPDFs (mZ). At this particular choice of x and
μF, the gluon density of H1PDF2017 [NNLO] is found to be
consistent with NNPDF3.1 in the range where αPDFs (mZ) is
close to the result of the H1PDF2017 [NNLO] fit.
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Fig. 17 Error ellipses of Hessian uncertainties at 68 % confidence level
of αs(mZ) and the gluon density xg at μF = 20 GeV and x = 0.01 as a
result of two different PDF+αs-fits. The filled ellipse indicates the result
of the H1PDF2017 [NNLO] fit and the dashed line of a PDF+αs-fit with
jet data excluded. The error ellipses represent the combined effect of
experimental and hadronisation uncertainties as described in the text.
The diamonds indicate the gluon density of the NNPDF3.1 PDF set for
fixed values αPDFs (mZ)
The two fits are repeated for each of the model and
parametrisation variations (not shown in Fig. 17). For the
H1PDF2017 [NNLO] fit, only small variations of the results
are observed, in accord with the small model and parametri-
sation uncertainties assigned to αs(mZ). However, if the jet
data are not included in the fit, the resulting αs(mZ) and xg
are found to be strongly dependent on the assumptions made
for the PDF parametrisation. This confirms previous obser-
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vations [115], namely that xg and αs(mZ) together cannot be
determined reliably from H1 inclusive DIS data alone.
In summary, the inclusion of jet data allows for a reli-
able determination of αs(mZ) and its uncertainty. It also sta-
bilises the gluon density determination. In contrast to a pre-
vious study using only a fraction of the H1 data [17], it can
now be stated that all H1 jet data taken together with all
H1 inclusive DIS data do allow for a simultaneous deter-
mination of xg and αs(mZ), with a precision on xg com-
petitive to global PDF fits obtained using fixed value of
αPDFs (mZ).
5 Summary
The new next-to-next-to-leading order pQCD calculations
(NNLO) for jet production cross sections in neutral-current
DIS are exploited for a determination of the strong coupling
constant αs(mZ) using inclusive jet and dijet cross section
measurements published by the H1 collaboration. Two meth-
ods are explored to determine the value of αs(mZ).
In the first approach H1 inclusive jet and dijet data are
analysed. The cross section predictions account for the αs
dependence in the two components of the calculations, the
partonic cross sections and the parton distribution func-
tions (PDFs). The strong coupling constant is determined
to be αs(mZ) = 0.1157 (20)exp (29)th, where the jet data are
restricted to high scales μ˜ > 28 GeV. Uncertainties due to
the input PDFs or the hadronisation corrections are found
to be small, and the largest source of uncertainty is from
scale variations of the NNLO calculations. The experimen-
tal uncertainty may be reduced to 0.8 %, if all inclusive jet
and dijet data with μ˜ > 2mb are considered, but the scale
uncertainties are increased significantly. The smallest total
uncertainty on αs(mZ) of 2.5 % is obtained when restricting
the data to μ˜ > 42 GeV. Values of αs(mZ) determined from
inclusive jet data or dijet data alone are found to be consis-
tent with the main result. All these results are found to be
consistent with each other and with the world average value
of αs(mZ).
The running of the strong coupling constant is tested in
the range of approximately 7 to 90 GeV by dividing the jet
data into ten subsets of approximately constant scale. The
scale dependence of the coupling is found to be consistent
with the expectation.
In a second approach a combined determination of PDF
parameters and αs(mZ) in NNLO accuracy is performed. In
this fit all normalised inclusive jet and dijet cross sections
published by H1 are analysed together with all inclusive
neutral-current and charged-current DIS cross sections deter-
mined by H1. Using the data with Q2 > 10 GeV2, the value
of αs(mZ) is determined to be αs(mZ) = 0.1142 (28)tot.
Consistency with the other results and the world average is
found. The resulting PDF set H1PDF2017 [NNLO] is found
to be consistent with the NNPDF3.1 PDF set at sufficiently
large x > 0.01, albeit there are differences at lower x . It is
demonstrated that the inclusion of H1 jet data into such a
simultaneous PDF and αs(mZ) determination provides strin-
gent constraints on αs(mZ) and the gluon density. The results
and their uncertainties are found to be largely insensitive to
the assumptions made for the PDF parametrisation.
Relevant phenomenological aspects of the NNLO calcu-
lations are studied for the first time. The NNLO calculations
are repeated for a number of different scale choices and scale
factors, as well as for a large variety of recent PDF sets. The
level of agreement with H1 jet data is judged quantitatively.
The NNLO calculations improve significantly the description
of the data and reduce the dominating theoretical uncertainty
on αs(mZ) in comparison to previously employed NLO cal-
culations. All jet cross section measurements are found to
be well described by the NNLO predictions. These NNLO
calculations are employed for a PDF determination for the
first time.
This is the first precision extraction of αs(mZ) from jet
data at NNLO involving a hadron in the initial state. It opens
a new chapter of precision QCD measurements at hadron
colliders.
Acknowledgements We are grateful to the HERA machine group
whose outstanding efforts have made this experiment possible. We thank
the engineers and technicians for their work in constructing and main-
taining the H1 detector, our funding agencies for financial support, the
DESY technical staff for continual assistance and the DESY directorate
for support and for the hospitality which they extend to the non-DESY
members of the collaboration. We would like to give credit to all part-
ners contributing to the EGI computing infrastructure for their support
for the H1 collaboration. We express our thanks to all those involved in
securing not only the H1 data but also the software and working envi-
ronment for long term use allowing the unique H1 data set to continue to
be explored in the coming years. The transfer from experiment specific
to central resources with long term support, including both storage and
batch systems has also been crucial to this enterprise. We therefore also
acknowledge the role played by DESY-IT and all people involved during
this transition and their future role in the years to come. This research
was supported by the Swiss National Science Foundation (SNF) under
Contracts 200020-162487 and CRSII2-160814, in part by the UK Sci-
ence and Technology Facilities Council as well as by the Research Exec-
utive Agency (REA) of the European Union under the Grant Agreement
PITN-GA-2012-316704 (“HiggsTools”) and the ERC Advanced Grant
MC@NNLO (340983). We gratefully express our thanks for support
from the Institute for Particle Physics Phenomenology Durham (IPPP),
in the form of an IPPP Associateship.
Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.
Funded by SCOAP3.
123
791 Page 20 of 21 Eur. Phys. J. C (2017) 77 :791
References
1. G. Dissertori, Adv. Ser. Dir. High Energy Phys. 26, 113 (2016).
arXiv:1506.05407
2. Particle Data Group Collaboration, C. Patrignani et al., Chin.
Phys. C 40, 100001 (2016)
3. K.H. Streng, T.F. Walsh, P.M. Zerwas, Z. Phys. C 2, 237 (1979)
4. R.K. Ellis, W.J. Stirling, B.R. Webber, QCD and Collider Physics.
Cambridge Monographs on Particle Physics, Nuclear Physics and
Cosmology. (Cambridge University Press, Cambridge, 1996)
5. D. Graudenz, The three jet cross-section at order alpha-s**2 in
deep inelastic electron–proton scattering. Ph.D. thesis, Universität
Hamburg, Hamburg, Germany, DESY-T-90-01 (1990)
6. D. Graudenz, Phys. Lett. B 256, 518 (1991)
7. D.A. Kosower, Phys. Rev. D 57, 5410 (1998).
arXiv:hep-ph/9710213
8. A. Gehrmann-De Ridder, T. Gehrmann, E.W.N. Glover, JHEP
0509, 056 (2005). arXiv:hep-ph/0505111
9. A. Daleo, A. Gehrmann-De Ridder, T. Gehrmann, G. Luisoni,
JHEP 1001, 118 (2010). arXiv:0912.0374
10. J. Currie, E.W.N. Glover, S. Wells, JHEP 1304, 066 (2013).
arXiv:1301.4693
11. J. Currie, T. Gehrmann, J. Niehues, Phys. Rev. Lett. 117, 042001
(2016). arXiv:1606.03991
12. J. Currie, T. Gehrmann, A. Huss, J. Niehues, JHEP 1707, 018
(2017). arXiv:1703.05977
13. J. Currie, E.W.N. Glover, J. Pires, Phys. Rev. Lett. 118, 072002
(2017). arXiv:1611.01460
14. J. Currie, A. Gehrmann-De Ridder, T. Gehrmann, E.W.N.
Glover, A. Huss, J. Pires, Phys. Rev. Lett. 119, 152001 (2017).
arXiv:1705.10271
15. H1 Collaboration, V. Andreev et al., Eur. Phys. J. C 77, 215 (2017).
arXiv:1611.03421
16. H1 Collaboration, C. Adloff et al., Eur. Phys. J. C 13, 397 (2000).
arXiv:hep-ex/9812024
17. H1 Collaboration, C. Adloff et al. Eur. Phys. J. C 19, 289 (2001).
arXiv:hep-ex/0010054
18. H1 Collaboration, C. Adloff et al., Phys. Lett. B 542, 193 (2002).
arXiv:hep-ex/0206029
19. H1 Collaboration, A. Aktas et al., Eur. Phys. J. C 33, 477 (2004).
arXiv:hep-ex/0310019
20. H1 Collaboration, A. Aktas et al., Eur. Phys. J. C 37, 141 (2004).
arXiv:hep-ex/0401010
21. H1 Collaboration, A. Aktas et al., Phys. Lett. B 653, 134 (2007).
arXiv:0706.3722
22. H1 Collaboration, F.D. Aaron et al., Eur. Phys. J. C 65, 363 (2010).
arXiv:0904.3870
23. H1 Collaboration, F.D. Aaron et al., Eur. Phys. J. C 67, 1 (2010).
arXiv:0911.5678
24. H1 Collaboration, V. Andreev et al., Eur. Phys. J. C 75, 65 (2015).
arXiv:1406.4709
25. ZEUS Collaboration, J. Breitweg et al., Phys. Lett. B 479, 37
(2000). arXiv:hep-ex/0002010
26. ZEUS Collaboration, S. Chekanov et al., Eur. Phys. J. C 23, 13
(2002). arXiv:hep-ex/0109029
27. ZEUS Collaboration, S. Chekanov et al., Phys. Lett. B 547, 164
(2002). arXiv:hep-ex/0208037
28. ZEUS Collaboration, S. Chekanov et al., Eur. Phys. J. C 35, 487
(2004). arXiv:hep-ex/0404033
29. ZEUS Collaboration, S. Chekanov et al., Nucl. Phys. B 765, 1
(2007). arXiv:hep-ex/0608048
30. ZEUS Collaboration, S. Chekanov et al., Phys. Lett. B 649, 12
(2007). arXiv:hep-ex/0701039
31. ZEUS Collaboration, H. Abramowicz et al., Eur. Phys. J. C 70,
965 (2010). arXiv:1010.6167
32. ZEUS Collaboration, H. Abramowicz et al., Phys. Lett. B 691,
127 (2010). arXiv:1003.2923
33. H1 Collaboration, T. Ahmed et al., Phys. Lett. B 346, 415 (1995)
34. H1 Collaboration, C. Adloff et al., Eur. Phys. J. C 5, 625 (1998).
arXiv:hep-ex/9806028
35. H1 Collaboration, C. Adloff et al., Eur. Phys. J. C 6, 575 (1999).
arXiv:hep-ex/9807019
36. T. Biekötter, M. Klasen, G. Kramer, Phys. Rev. D 92, 074037
(2015). arXiv:1508.07153
37. ZEUS Collaboration, H. Abramowicz et al., Nucl. Phys. B 864, 1
(2012). arXiv:1205.6153
38. M. Klasen, G. Kramer, M. Michael, Phys. Rev. D 89, 074032
(2014). arXiv:1310.1724
39. OPAL Collaboration, G. Abbiendi et al., Eur. Phys. J. C 47, 295
(2006). arXiv:hep-ex/0601048
40. JADE Collaboration, J. Schieck, S. Bethke, O. Biebel, S. Kluth,
P.A. Movilla Fernandez, C. Pahl, Eur. Phys. J. C 48, 3 (2006).
arXiv:0707.0392 [Erratum: Eur. Phys. J. C 50, 769 (2007)]
41. G. Dissertori, A. Gehrmann-De Ridder, T. Gehrmann, E.W.N.
Glover, G. Heinrich, H. Stenzel, JHEP 0802, 040 (2008).
arXiv:0712.0327
42. G. Dissertori, A. Gehrmann-De Ridder, T. Gehrmann, E.W.N.
Glover, G. Heinrich, H. Stenzel, Phys. Rev. Lett. 104, 072002
(2010). arXiv:0910.4283
43. G. Dissertori, A. Gehrmann-De Ridder, T. Gehrmann, E.W.N.
Glover, G. Heinrich, G. Luisoni, H. Stenzel, JHEP 0908, 036
(2009). arXiv:0906.3436
44. JADE Collaboration, J. Schieck, S. Bethke, S. Kluth, C. Pahl, Z.
Trocsanyi, Eur. Phys. J. C 73, 2332 (2013). arXiv:1205.3714
45. CDF Collaboration, T. Affolder et al., Phys. Rev. Lett. 88, 042001
(2002). arXiv:hep-ex/0108034
46. D0 Collaboration, V.M. Abazov et al., Phys. Rev. D 80, 111107
(2009). arXiv:0911.2710
47. D0 Collaboration, V.M. Abazov et al., Phys. Lett. B 718, 56
(2012). arXiv:1207.4957
48. B. Malaescu, P. Starovoitov, Eur. Phys. J. C 72, 2041 (2012).
arXiv:1203.5416
49. CMS Collaboration, S. Chatrchyan et al., Eur. Phys. J. C 73, 2604
(2013). arXiv:1304.7498
50. CMS Collaboration, V. Khachatryan et al., Eur. Phys. J. C 75, 288
(2015). arXiv:1410.6765
51. CMS Collaboration, V. Khachatryan et al., Eur. Phys. J. C 75, 186
(2015). arXiv:1412.1633
52. CMS Collaboration, V. Khachatryan et al., JHEP 1703, 156
(2017). arXiv:1609.05331
53. H1 Collaboration, A. Aktas et al., Eur. Phys. J. C 46, 343 (2006).
arXiv:hep-ex/0512014
54. OPAL Collaboration, G. Abbiendi et al., Eur. Phys. J. C 71, 1733
(2011). arXiv:1101.1470
55. ZEUS Collaboration, S. Chekanov et al., Eur. Phys. J. C 42, 1
(2005). arXiv:hep-ph/0503274
56. H1 and ZEUS Collaboration, H. Abramowicz et al., Eur. Phys. J.
C 75, 580 (2015). arXiv:1506.06042
57. R.D. Ball, V. Bertone, L. Del Debbio, S. Forte, A. Guffanti, J.I.
Latorre, S. Lionetti, J. Rojo, M. Ubiali, Phys. Lett. B 707, 66
(2012). arXiv:1110.2483
58. L.A. Harland-Lang, A.D. Martin, P. Motylinski, R.S. Thorne, Eur.
Phys. J. C 75, 204 (2015). arXiv:1412.3989
59. CMS Collaboration, A.M. Sirunyan et al., Eur. Phys. J. C 77, 746
(2017). arXiv:1705.02628
60. A. Gehrmann-De Ridder, T. Gehrmann, E.W.N. Glover, A. Huss,
T.A. Morgan, JHEP 1607, 133 (2016)
61. H1 Collaboration, C. Adloff et al., Eur. Phys. J. C 13, 609 (2000).
arXiv:hep-ex/9908059
62. H1 Collaboration, C. Adloff et al., Eur. Phys. J. C 19, 269 (2001).
arXiv:hep-ex/0012052
123
Eur. Phys. J. C (2017) 77 :791 Page 21 of 21 791
63. H1 Collaboration, C. Adloff et al., Eur. Phys. J. C 30, 1 (2003).
arXiv:hep-ex/0304003
64. H1 Collaboration, F.D. Aaron et al., Eur. Phys. J. C 71, 1579
(2011). arXiv:1012.4355
65. H1 Collaboration, F.D. Aaron et al., JHEP 1209, 061 (2012).
arXiv:1206.7007
66. H1 Collaboration, F.D. Aaron et al., Eur. Phys. J. C 72, 2163
(2012). arXiv:1205.2448 [Erratum: Eur. Phys. J. C 74, 2733
(2012)]
67. H1 Collaboration, I. Abt et al., Nucl. Instrum. Methods A 386,
310 (1997)
68. H1 Collaboration, I. Abt et al., Nucl. Instrum. Methods A 386,
348 (1997)
69. H1 SPACAL Group Collaboration, R.D. Appuhn et al., Nucl.
Instrum. Methods A 386, 397 (1997)
70. H1 Calorimeter Group Collaboration, B. Andrieu et al., Nucl.
Instrum. Methods A 336, 460 (1993)
71. S.D. Ellis, D.E. Soper, Phys. Rev. D 48, 3160 (1993).
arXiv:hep-ph/9305266
72. C. Duprel, T. Hadig, N. Kauer, M. Wobisch, Comparison of next-
to-leading order calculations for jet cross-sections in deep inelas-
tic scattering, in Monte Carlo Generators for HERA Physics. Pro-
ceedings, Workshop, Hamburg, Germany 1998–1999 (1999), p.
142. arXiv:hep-ph/9910448
73. B. Potter, Comput. Phys. Commun. 133, 105–118 (2000).
arXiv:hep-ph/9911221
74. J.C. Collins, D.E. Soper, G. Sterman, Factorization of Hard Pro-
cesses in QCD, vol. 5 of Advanced Series on Directions in High
Energy Physics, ch. 1 (World Scientific Pub Co Inc, Singapore,
1988), p. 1. arXiv:hep-ph/0409313
75. T. van Ritbergen, J.A.M. Vermaseren, S.A. Larin, Phys. Lett. B
400, 379 (1997). arXiv:hep-ph/9701390
76. M. Czakon, Nucl. Phys. B 710, 485 (2005).
arXiv:hep-ph/0411261
77. V.N. Gribov, L.N. Lipatov, Sov. J. Nucl. Phys. 15, 438 (1972)
[Yad. Fiz. 15, 781 (1972)]
78. G. Altarelli, G. Parisi, Nucl. Phys. B 126, 298 (1977)
79. Y.L. Dokshitzer, Sov. Phys. JETP 46, 641 (1977) [Zh. Eksp. Teor.
Fiz. 73, 1216 (1977)]
80. S. Moch, J.A.M. Vermaseren, A. Vogt, Nucl. Phys. B 688, 101
(2004). arXiv:hep-ph/0403192
81. A. Vogt, S. Moch, J.A.M. Vermaseren, Nucl. Phys. B 691, 129
(2004). arXiv:hep-ph/0404111
82. The NNPDF Collaboration, R.D. Ball et al., Eur. Phys. J. C 77,
663 (2017). arXiv:1706.00428
83. H1 Collaboration, C. Adloff et al., Eur. Phys. J. C 13, 415 (2000).
arXiv:hep-ex/9806029
84. H1 Collaboration, C. Adloff et al., Eur. Phys. J. C 6, 421 (1999).
arXiv:hep-ex/9808013
85. ZEUS Collaboration, S. Chekanov et al., Eur. Phys. J. C 52, 813
(2007). arXiv:0708.1415
86. H1 Collaboration, A. Aktas et al., JHEP 0710, 042 (2007).
arXiv:0708.3217
87. H1 Collaboration, F.D. Aaron et al., Eur. Phys. J. C 72, 1970
(2012). arXiv:1111.0584
88. H1 Collaboration, V. Andreev et al., JHEP 1503, 092 (2015).
arXiv:1412.0928
89. H1 Collaboration, V. Andreev et al., JHEP 1505, 056 (2015).
arXiv:1502.01683
90. B. Pötter, Transition from photoproduction to deep inelastic scat-
tering in jet production at HERA in NLO QCD, in Proceedings
of the 6th International Workshop on Deep Inelastic Scattering
and QCD (DIS 98): Brussels, Belgium, April 4–8, 1998 (1998),
p. 574. arXiv:hep-ph/9804373
91. B. Pötter, Comput. Phys. Commun. 119, 45 (1999).
arXiv:hep-ph/9806437
92. D. Britzger, K. Rabbertz, F. Stober, M. Wobisch, New features in
version 2 of the fastNLO project, in Proceedings, 20th Interna-
tional Workshop on Deep-Inelastic Scattering and Related Sub-
jects (DIS 2012): Bonn, Germany, March 26–30, 2012. (2012), p.
217. arXiv:1208.3641
93. A. Buckley, J. Ferrando, S. Lloyd, K. Nordström, B. Page, M.
Rüfenacht, M. Schönherr, G. Watt, Eur. Phys. J. C 75, 132 (2015).
arXiv:1412.7420
94. V. Bertone, APFEL++: A new PDF evolution library in C++,
in 25th International Workshop on Deep Inelastic Scattering
and Related Topics (DIS 2017) Birmingham, UK, April 3–7,
2017 (2017). arXiv:1708.00911. https://inspirehep.net/record/
1614327/files/arXiv:1708.00911.pdf
95. V. Bertone, S. Carrazza, J. Rojo, Comput. Phys. Commun. 185,
1647 (2014). arXiv:1310.1394
96. M. Botje, Comput. Phys. Commun. 182, 490 (2011).
arXiv:1005.1481
97. M. Botje, Erratum for the time-like evolution in QCDNUM.
Unpublished (2016). arXiv:1602.08383
98. B. Schmidt, M. Steinhauser, Comput. Phys. Commun. 183, 1845
(2012). arXiv:1201.6149
99. F. Jegerlehner, Nucl. Phys. Proc. Suppl. 181–182, 135 (2008).
arXiv:0807.4206
100. H. Spiesberger, EPRC: a program package for electroweak
physics at HERA, in Future Physics with Light and Heavy Nuclei
at HERMES. Contributions to the Proceedings of the ’95–’96
Workshop on Future Physics at HERA, Working Group on Light
and Heavy Nuclei at HERA. Part 2 (1995)
101. D. Britzger et al., The ALPOS fit framework. Unpublished. http://
www.desy.de/~britzger/alpos/
102. F. James, M. Roos, Comput. Phys. Commun. 10, 343 (1975)
103. I. Antcheva et al., Comput. Phys. Commun. 180, 2499 (2009).
arXiv:1508.07749
104. S. Alekhin, J. Blümlein, S. Moch, R. Placakyte, Phys. Rev. D 96,
014011 (2017). arXiv:1701.05838
105. S. Dulat, T.-J. Hou, J. Gao, M. Guzzi, J. Huston, P. Nadolsky,
J. Pumplin, C. Schmidt, D. Stump, C.P. Yuan, Phys. Rev. D 93,
033006 (2016). arXiv:1506.07443
106. H.-L. Lai, J. Huston, Z. Li, P. Nadolsky, J. Pumplin, D. Stump,
C.P. Yuan, Phys. Rev. D 82, 054021 (2010). arXiv:1004.4624
107. M. Botje et al., The PDF4LHC working group interim recommen-
dations. Unpublished (2011). arXiv:1101.0538
108. S. Bethke, alpha s 2016, in Proceedings, 19th International Con-
ference in Quantum Chromodynamics (QCD 16): Montpellier,
France, July 4–9, 2016, vol. 282–284 (2017), p. 149
109. Gfitter Collaboration, M. Baak et al., Eur. Phys. J. C 74, 3046
(2014). arXiv:1407.3792
110. M. Klein, V. Radescu, Partons from the LHeC. CERN-LHeC-
Note-2013-002 (2013). https://cds.cern.ch/record/1564929
111. S. Alekhin, J. Blümlein, S. Moch, Phys. Rev. D 86, 054009 (2012).
arXiv:1202.2281
112. J. Blümlein, H. Böttcher, A. Guffanti, Nucl. Phys. B 774, 182
(2007). arXiv:hep-ph/0607200
113. P. Jimenez-Delgado, E. Reya, Phys. Rev. D 79, 074023 (2009).
arXiv:0810.4274
114. List of H1 publications https://www-h1.desy.de/publications/
H1publication.short_list.html
115. H1 Collaboration, C. Adloff et al., Eur. Phys. J. C 21, 33–61
(2001). arXiv:hep-ex/0012053
123
